Comparative analyses of differentially expressed genes between somatic cell nuclear transfer (SCNT) embryos and zygotedeveloping (ZD) embryos are important for understanding the molecular mechanism underlying the reprogramming processes. Herein, we used the suppression subtractive hybridization approach and from more than 2900 clones identified 96 differentially expressed genes between the SCNT and ZD embryos at the dome stage in zebrafish. We report the first database of differentially expressed genes in zebrafish SCNT embryos. Collectively, our findings demonstrate that zebrafish SCNT embryos undergo significant reprogramming processes during the dome stage. However, most differentially expressed genes are down-regulated in SCNT embryos, indicating failure of reprogramming. Based on Ensembl description and Gene Ontology Consortium annotation, the problems of reprogramming at the dome stage may occur during nuclear remodeling, translation initiation, and regulation of the cell cycle. The importance of regulation from recipient oocytes in cloning should not be underestimated in zebrafish.
INTRODUCTION
Nuclear transfer has been studied for more than 50 years since it was first demonstrated in frogs [1] , but the use of differentiated somatic cells has not yet produced individuals that can survive beyond the tadpole stage. Fully differentiated cells can undergo reprogramming after fusion with a matured oocyte through a process commonly known as somatic cell nuclear transfer (SCNT). The competence of blastocysts produced by SCNT was first demonstrated by the production of living animals [2] ; since then, several successful animal cloning experiments using SCNT have been documented [3] [4] [5] [6] . Despite success in the cloning of many species of vertebrates, animal cloning remains an inefficient process, with a preponderance of reconstructed mammalian embryos failing at the early to midgestational stages of development [7] . The major problem is the reprogramming of a somatic nucleus after fusion with an oocyte [8] , and the reprogramming mechanism is poorly understood. Therefore, a better understanding of the molecular mechanisms underlying the reprogramming process is a central scientific issue and will enhance the efficiency of cloning and the ability of cloned animals to survive development.
The zebrafish is an important model for research in vertebrate developmental biology and genetics because of its ease of use in forward genetics and embryonic manipulations. The transparent embryos are well suited to manipulation such as cell labeling, microinjection, and transplantation. Because most zebrafish genes have homologs in humans and other vertebrates, the expression patterns of zebrafish genes can be very instructive in mammals. Nuclear transfer in fish has been studied since the 1960s [4, [9] [10] [11] . Recently, Sun et al. [12] transplanted nuclei from a transgenic common carp into enucleated goldfish eggs. Despite success in fish interspecies and crossgenus cloning, the process remains as inefficient in fish as it is in mammals, with most cloned embryos failing at the midblastula to early gastrula stages of development [12] . Zebrafish SCNT research began in the late 1990s; Lee et al. [3] transplanted long-term cultured cells into enucleated eggs and first obtained feeding zebrafish. Our laboratory established zebrafish nuclear transfer technology in 2002 [13] . The research herein-a comparative analysis of differentially expressed genes between SCNT and zygote-developing (ZD) embryos at the dome stage-is the first reported in vivo study (to our knowledge) of the gene expression pattern of the reprogramming process in zebrafish.
Gene expression studies in SCNT embryos have been conducted primarily with cattle and mice. Large-scale analysis of gene expression in preimplantation embryos and in cloned animals was reported first in mouse models [14] . To our knowledge, no investigation has included systematic analysis of the gene expression pattern of the reprogramming process using SCNT embryos at the stage when abortion is most prominent in vivo. Therefore, systematic analysis of differentially expressed genes in SCNT embryos at the dome stage may yield new insights into the process of reprogramming. Suppression subtractive hybridization (SSH) [15, 16] is an efficient and widely used PCR-based method to obtain subtracted libraries and identify differentially expressed genes under two biological conditions. Modified SSH methods had been widely used in functional genomic studies [17] [18] [19] . Suppression subtractive hybridization includes a normalization step, which makes this approach preferable for cloning lowabundance transcripts [20] . Therefore, SSH is particularly well suited to identifying differentially expressed genes at the early developmental stage when only a tiny amount of RNA is available from SCNT embryos.
Using the SSH approach, we performed a large-scale search for differentially expressed genes between SCNT embryos and ZD embryos at the dome stage. We then validated the differentially expressed genes using dot blot assays of more than 2900 clones from the SSH libraries, followed by DNA sequencing and clustering analyses. Based on Ensembl description [21] and Gene Ontology Consortium (GO) annotation [22, 23] , we achieved an all-around analysis and identified some of the key genes responsible for and/or indicative of successful reprogramming. The available data suggest that most differentially expressed genes are downregulated in SCNT embryos at the dome stage, indicating failure of reprogramming. Reprogramming problems at the dome stage may occur during nuclear remodeling, translation initiation, and regulation of the cell cycle. In a crosscomparison with the existing database for mice and cattle [24, 25] , we found that problems of reprogramming from translation initiation-related genes are shared among these SCNT animals. Furthermore, we found that mycb and klf4 were differentially expressed in zebrafish SCNT embryos and that the expression trends in vivo are similar to the successful reprogramming of differentiated somatic cells into a pluripotent state in vitro [26, 27] . These findings suggest that the balance between mycb and klf4 expression may be important for the reprogramming process in zebrafish SCNT embryos.
MATERIALS AND METHODS

Ethics Statement on the Use of Animals
The research animals are provided with the best possible care and treatment and are under the care of a specialized technician. All procedures were approved by the Institute of Hydrobiology, Chinese Academy of Sciences, and were conducted in accord with the Guiding Principles for the Care and Use of Laboratory Animals.
Zebrafish Strain and Maintenance
We used the AB/Tübingen zebrafish (Danio rerio) for these experiments. Zebrafish were raised and maintained under standard laboratory conditions, and embryos were staged by morphological features [28] .
Media for Nuclear Transfer
Eggs were held in Hanks saline solution (0.137 M NaCl, 5.4 mM KCl, 0.025 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 1.0 mM MgSO 4 , 4.2 mM NaHCO 3 ) supplemented with 1.5% bovine serum albumin (w/v; Sigma, St. Louis, MO). This working medium was kept at 48C until nuclear transfer. Before the nuclear transfer, streptomycin (100 IU/ml) and ampicillin (100 IU/ ml) were added to the working medium and mixed briefly.
Preparation of Donor Cells
On the day before nuclear transfer, primary cells were collected from kidney tissues of adult male zebrafish. Briefly, kidney tissues were placed into a 0.25% trypsin solution (w/v; Sigma) for 15 min at 20-258C, dissociated in Holtfreter dissociation solution (Ca 2þ -free Holtfreter solution containing 0.15 mM edetic acid [EDTA]), collected by centrifugation, and washed several times using Holtfreter solution (0.35% NaCl, 0.01% CaCl 2 , 0.005% KCl [w/v], 100 IU/ml of streptomycin, and 100 IU/ml of ampicillin). The dissociated cells were maintained at 48C in JM199 medium until nuclear transfer. Normally, the dissociated cells were used for nuclear transfer within 60 min.
Preparation of Recipient Eggs
For egg collection, zebrafish were artificially induced to spawn. The quality of eggs has an important role in SCNT. High-quality eggs are slightly granular and yellowish in color, whereas immature eggs are whitish or withered, and the best eggs appear intact and smooth on the yolk surface. Unfertilized embryos were placed into a trypsin solution of 0.25% (w/v; Sigma) for 3 min, and the softened chorion was subsequently removed by microsurgery. Once activated, the egg cytoplasm coalesces, moves toward the animal pole, and forms the blastodisc. The blastodisc of the zebrafish requires approximately 12 min to form at 258C and becomes a full-sized one-cell egg after 40 min. Therefore, these eggs can act as recipients for up to 40 min following activation at 288C.
Somatic Cell Nuclear Transfer
To remove the egg pronuclei, we placed recipient eggs in an agar plate filled with Hanks saline solution. The second polar body of the dechorionated egg was visible under a 403 stereomicroscope. The egg nucleus underneath the second polar body was removed by aspiration with a fine glass needle. Enucleated eggs were maintained in a 1.5% agar (w/v; Sigma) plate filled with Hanks saline solution for further manipulation.
All nuclear transfers were conducted using either a microinjection system (model 5171/5246; Eppendorf, Hamburg, Germany) with a Nikon (Melville, NY) TE300 microscope or a Narishige system (NT-188NE; Leeds Precision Instruments, Minneapolis, MN) with an Axiovert 200 microscope (Carl Zeiss, Thornburg, NY). Donor cells were ruptured by aspiration into the transfer needle, which had an inner diameter smaller than the cell (approximately 12 lm). Next, they were transplanted into the cytoplasm of the enucleated eggs at the animal pole. Each of the nuclear transplants was transferred into the agar plate filled with Holtfreter solution. Nuclear transplants were cultured in Holtfreter solution at 288C before collection. The embryos were collected at the dome stage and were shield-stage staged by morphological features; SCNT embryos were usually cultured 10 h after nuclear transfer.
Embryo Collection and tRNA Extraction
For SSH analysis, embryos were collected at the dome stage from SCNT embryos and from ZD embryos. Total RNA was extracted from batches of embryos (n ¼ 100) using the SV tRNA isolation system kit (Promega, Madison, WI). We analyzed the integrity of the RNA by examining its electrophoretic mobility on 1.5% agarose gels in 13 Tris-acetate-EDTA buffer. The UV absorbance of the RNA was measured (using an Eppendorf biometer) at 260 nm (A260) and 280 nm (A280), and RNA purity was determined using the A260:A280 ratio.
For real-time quantitative RT-PCR analysis, three independent groups of new embryos (n ¼ 30) were collected at the dome stage from SCNT embryos and from ZD embryos (SCNT1, ZD1, SCNT2, ZD2, SCNT3, and ZD3). Total RNA was extracted from batches of embryos (n ¼ 30) using the SV tRNA isolation system kit. Either RNA integrity or RNA purity criteria were met.
Construction of SSH cDNA Libraries
The tester to driver hybridization steps in the SSH procedure require 100 ng of tester and driver cDNA; however, a preimplantation early developmentalstage embryo contains only a few picograms of mRNA. Furthermore, SCNT embryos are difficult to achieve, which prohibits larger-scale acquisition of mRNA. For this reason, we used the SMART PCR cDNA synthesis kit (Clontech, Palo Alto, CA), starting with tRNA as the template. The optimum number of PCR cycles using the Perkin-Elmer (Norwalk, CT) GeneAmp PCR system 9600 was ysed as suggested in the SMART PCR cDNA synthesis kit protocol.
Suppression subtractive hybridization libraries were generated using the reagents and protocols included with the Clontech PCR-Select cDNA subtraction kit. In one SSH library (referred to herein as ZB-CB), the RNA from ZD embryos (referred to herein as ZB) was used as the tester, and the RNA from SCNT embryos (referred to herein as CB) was used as the driver. In another SSH library (referred to herein as CB-ZB), CB was used as the tester, and ZB was used as the driver. The PCR analysis of the SSH products showed that the level of the housekeeping gene gapdh decreased significantly in the ZB-CB and CB-ZB cDNA libraries relative to unsubtracted cDNA (data not shown), suggesting that the subtraction procedure was very effective. As the final step, the subtracted DNAs were ligated into the pMD18-T vector (Takara, Gennevilliers, France), and the plasmid was used to transform Escherichia coli DH5a by electroporation (Pulse Controller; BioRad, Hercules, CA).
Preparation of Templates and Probes
We plated cDNA libraries onto solid Luria Bertani medium containing ampicillin. Clones were randomly selected and amplified in a 25-ll PCR system using nested PCR primer 1 and nested PCR primer 2R (Clontech). We selected single-insert clones as templates for the dot blot assays.
After the second hybridization (performed following the Clontech PCRSelect cDNA subtraction kit protocol), we used cDNAs from two libraries as templates to prepare the digoxigenin (DIG) probe. One microgram of cDNA was denatured by heating in a boiling water bath for 10 min, followed by quick REPROGRAMMING MECHANISM IN CLONED ZEBRAFISH EMBRYO chilling on ice. Next, 4 ll of thoroughly mixed DIG-high prime were added to the denatured DNA, followed by mixing and brief centrifugation. Following overnight incubation at 378C, the reaction was stopped by adding 2 ll of 0.2 M EDTA (all reagents were supplied by Roche Applied Science, Penzberg, Germany). The efficiency of DIG-labeled DNA was determined using the direct detection method (DIG-High Prime DNA Labeling and Detection Starter Kit I; Roche Applied Science). When the expected labeling efficiency was achieved, we used the labeled probe at the recommended concentration in the hybridization reaction.
Dot Blot Assays of Differentially Expressed Genes in Tester and Driver Materials
For dot blot assays, all reagents were supplied by Roche Applied Science. The PCR products were spotted (1 ll per dot) onto the same position on each of two positive nylon membranes (Millipore Corporation, Bedford, MA) and denatured by 0.6 M NaOH in situ. Spotted membranes were presoaked for 2-5 min at room temperature in 23 saline-sodium citrate solution and were baked at 808C for 2 h. Dried filters were prehybridized with preheated DIG Easy Hyb solution at 428C in the hybridization incubator (model 40; Robbins Scientific, Sunnyvale, CA), followed by hybridization with the probe (about 25 ng/ml) at 428C overnight. After stringent washes, the immunological detection protocol was conducted following the manufacturer's instructions. For color detection using nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate, the reaction was stopped using Tris-EDTA buffer (pH, 8.0) when the desired spot or band intensity was achieved.
Sequencing and Clustering Analysis
Each candidate DNA fragment was sequenced in a single pass using the M13þ primer site, and reverse sequencing was conducted when the forward sequences failed or the fractions were larger than 800 bp using the M13À primer (Applied Invitrogen, Shanghai, China). Vector DNA sequences were removed automatically using computer program routines. Sequence analysis and clustering were performed as the data set.
Validation of Dot Blot Assays by Real-Time Quantitative RT-PCR Analysis
A set of 16 genes was chosen to validate the dot blot assays using real-time quantitative RT-PCR analysis. Real-time quantitative RT-PCR was performed using an Applied Biosystems (Foster City, CA) 7000 real-time PCR system. Table 1 lists the primers used in this analysis. Complementary DNA samples and a pair of primers were diluted in bidistilled H 2 O and plated in triplicate in adjacent wells. b-Actin (actb) was amplified together with the target gene as an endogenous control in each well with a VIC-labeled probe (Applied Biosystems) to normalize expression levels among samples. Reactions were performed using the following conditions: an initial incubation at 958C for 10 min, followed by 40 cycles at 958C for 10 sec and 608C for 1 min. Output data generated by the instrument onboard software were transferred to a customdesigned Microsoft (Redmond, WA) Excel spreadsheet for analysis. The differential mRNA expression of each candidate gene was calculated by the comparative Ct method using the formula 2 (ÀDelta Delta C(T)) method [29] . Moreover, every reaction was performed in triplicate, and the means of three independent experiments between SCNT embryos and ZD embryos were evaluated using Student t-test (P , 0.01).
RESULTS
Development of SCNT Embryos Derived from Kidney Cells
Following the transfer of nuclei from differentiated cells to enucleated eggs, whether in lower vertebrates or in mammals, only a few of the nuclear transplants are able to develop into adult animals. The SCNT experiments in fish are limited by the inability to directly label the SCNT embryos. To address this issue, we created a negative control (Table 2) by microinjecting a small amount of Hanks saline solution, rather than the kidney cell, into the enucleated egg; 4 h later, none of the Hanks saline solution-injected embryos survived. Tables 2 and 3 summarize that the embryos we collected at the dome stage following 
injection with the kidney cell were a result of SCNT. When kidney cells as donor cells were injected to the enucleated eggs, the SCNT embryos were sampled at the dome stage and the shield stage to identify some key factors underlying the reprogramming processes, so no successful SCNT offspring were produced. Although 72.1% (2640/3660) of the transplanted eggs cleaved, 16.8% (444/2640) of these transplants developed to the dome stage, and 80.8% (359/444) of these blastulae failed to undergo gastrulation (Table 3) ; thus, most of the SCNT embryos we collected at the dome stage were a failure of reprogramming. In the investigation of nuclear transplants, there were differences in the speed of development between zebrafish SCNT embryos and ZD embryos. The development of SCNT embryos lagged behind that of ZD embryos at the high stage. Significant differences were found at the dome stage and shield stage (Luo et al., unpublished results).
Using the SSH Approach to Identify Differentially Expressed Genes in SCNT Embryos
To conduct the comparative transcriptomic study of genes present at low levels in abnormally developed SCNT embryos, we followed the approach shown in Figure 1 . We used a PCRbased SSH approach to comparatively analyze the whole genome of embryos at the dome stage and to enrich for differentially expressed cDNA clones between SCNT embryos and ZD embryos at the dome stage. The SSH was conducted in a forward and reverse manner: Total RNA prepared from ZD embryos and SCNT embryos ( Fig. 2A) was used as the tester and driver, respectively, to yield ZD subtracted amplicons, and tRNA prepared from SCNT embryos and ZD embryos was used as the tester and driver, respectively, to yield SCNT subtracted amplicons. The optimum number of PCR cycles was 17 cycles for ZD embryos and 20 cycles for SCNT embryos. We plated cDNA libraries onto Luria Bertani medium containing ampicillin. More than 3000 clones were randomly selected and amplified using nested PCR primer 1 and nested PCR primer 2R (Fig. 2B) . The PCR amplification showed that 97% of the clones contained the insert fragments and that 93% of the clones contained the single-insert fragment. We selected 2900 single-insert clones as templates for the dot blot assays. Figure 3 shows representative results obtained from dot blot assays. Genes expressed at the dome stage of ZD embryos were used as the standard, so that up-or down-regulated genes were identified relative to the ZD embryos. Both up-regulated and down-regulated genes were detected in zebrafish SCNT embryos (Fig. 3) . The differentially expressed genes in the ZB-CB and CB-ZB libraries were identified with direct vision based on a qualitative judgment. A more sensitive detection of these differentially expressed genes was obtained using realtime quantitative RT-PCR analysis. We repeated 100 clones randomly selected from 2900 clones using dot blot assays; no significant differences were observed (data not shown).
Identification of Differentially Expressed Genes Between SCNT Embryos and ZD Embryos at the Dome Stage
Using dot blot assays of 2900 random clones, we identified 242 gene fragments representing significant differences between SCNT embryos and ZD embryos at the dome stage, and we selected these fragments for sequencing. After sequencing these clones and clustering them according to sequence similarity (BLAST cutoff, 1e-50), we found 96 fragments that were differentially expressed. Of these 96 fragments, 25 were unknown zebrafish expressed sequence tags, and the remaining 71 had high homology to defined or predicted zebrafish genes. In dot blot assays, 17 fragments were up-regulated in zebrafish SCNT embryos, and 79 fragments were down-regulated.
For each cluster, the longest representative clone was chosen from results of BLAST against the National Institutes of Health National Center for Biotechnology Information RefSeq database for zebrafish. All hits with an E value less than 1e-5 were displayed. When we analyzed these differentially expressed fragments in terms of gene ontology using GeneInfoViz constructing [21] , we found that these fragments at the dome stage in zebrafish SCNT embryos were involved mainly in physiological processes and regulation of biological process (Fig. 4A, a) . The differentially expressed genes were concentrated in pathways, including regulation of DNAdependent transcription, the ubiquitin cycle, protein modification, protein folding, regulation of the cell cycle, chromosome organization and biogenesis, cytokinesis, the cell cycle, transport, and nucleosome assembly (Fig. 4B, a) . The main molecular function of these differentially expressed genes was related to binding and transporter activity (Fig. 4A, b) ; the top 10 overrepresented GO molecular functions associated with these differentially expressed genes in zebrafish SCNT embryos were nucleic acid binding, protein domain-specific binding, zinc ion binding, DNA binding, ligase activity, ubiquitin-conjugating enzyme activity, ATP binding, monooxygenase activity, translation initiation factor activity, and isomerase activity.
Validation of Dot Blot Assays Using Real-Time Quantitative RT-PCR Analysis
We selected 16 genes (Table 1) for real-time quantitative RT-PCR analysis to validate the results from the dot blot assays. We used the actb gene as the endogenous control, and the analysis was performed using the comparative Ct method with the formula 2 (ÀDelta Delta C(T)) method as the calibrator. Table 1 gives the primers used for the real-time quantitative RT-PCR. Using Statistica 6.0 (Statsoft, Krakow, Poland), three independent experiments between SCNT embryos and ZD embryos were evaluated by means of statistical methods of the nonparametric correlation coefficients (Spearman r); the results showed significant correlation among three independent experiments (P , 0.01). Sixteen genes showed real-time quantitative RT-PCR results that were consistent with those from the dot blot assays (Fig. 5) . These results provide strong support for the differential gene expression data obtained using dot blot assays, and significant differences in dot blot assays show more than 3-fold change compared with the normal expression level.
DISCUSSION
Gene Expression Profiles of SCNT Embryos at the Dome Stage
In our study, we used the SSH approach to study the differential transcript profiles in zebrafish SCNT embryos relative to ZD embryos at the dome stage. The identification of Nuclear reprogramming is tightly linked to chromatin structure, and chromatin remodeling is extensively involved in epigenetic reprogramming in mammalian cells [30] . Chromatin remodeling is not an isolated event: it is highly coordinated by many binding processes and forms large multiprotein complexes [31] [32] [33] [34] . Using the SSH approach, we first identified a number of differentially expressed genes related to binding processes in zebrafish SCNT embryos; among them, nine genes were implicated in protein binding (nat13, ywhab, ywhabl, ywhae, ywhag, ywhaq, ywhaz, ywhai, and ywhah), 17 in nucleic acid binding (ddx4l, eif4a1a, hnrpab, klf 2a, klf2b, klf 4, klfd, nono, atf 3, cnr1, zgc:100951, zgc:66483, mycb, h3f 3d, h3f 3c, zgc:66241, and eif 4e3), one in lipid binding (rgl1), eight in ion binding (klf 2a, klf2b, klf 4, klfd, zgc:100951, zgc:66483, rcc1, and zgc:92066), and five in ATP or guanosine triphosphate binding (abcf 2, ddx41, eif4a1a, gtf 2f 2, and zgc:76988). In addition, some factors were identified as related to isomerase activity, ligase activity, ubiquitin-conjugating enzyme activity, helicase activity, oxidoreductase activity, ATPase activity, and ATP-dependent helicase activity, all of which are indispensable in the binding process. Therefore, our findings suggest that nuclear remodeling occurs at the early developmental stage in SCNT embryos, which is consistent with previous studies [35, 36] proposing that nuclear reprogramming requires prior remodeling of nuclear structures. Notably, some genes related to chromatin organization, including rcc1, were down-regulated in the cloned embryos, which is in agreement with the results of other studies [37, 38] . Most of these genes were downregulated in SCNT embryos, which indicates a failure of nuclear remodeling in SCNT embryos. Thus, it is highly possible that factors related to nuclear remodeling have important roles in the reprogramming of zebrafish SCNT embryos.
Among the genes identified in our study, several involved in the process of translation, including bzw1 and eif 4a1a, were down-regulated in SCNT embryos. Other researchers have reported that bzw1 and eif4a have key regulatory roles in translation initiation [39, 40] . Down-regulation of these genes in the present study indicates that the failure in translation may contribute to the reprogramming problems that occur in SCNT embryos. In a cross-comparison with the existing database of mice and cattle [24, 25] , translation initiation-related genes such as eif4a were shared. It is possible that the failure in translation may represent a root cause of reprogramming failure in SCNT embryos across species.
Moderate abnormality of nuclear transplants has been well documented in studies [41, 42] of nuclear transfer, and it is thought to be caused by asynchrony between the cell cycles of the recipient egg and donor nucleus. In lower vertebrates, this asynchrony is conspicuous [43] . To confirm the importance of cell cycle synchrony on the reprogramming process in SCNT embryos, we chose kidney cells without culturing them as donor cells, and then we identified many genes related to regulation of the cell cycle. In our study, ccna1, ccnb1, ccne, and cdc20 were down-regulated in SCNT embryos. A previous study [44] demonstrated that oscillation of cyclins A and B caused the loss of the gap phase and the alternation of the M phase and S phase. Furthermore, in mammalian cells the G1-S transition requires the activation of cyclins D and E, which form a complex with cdk4/6 and cdk2, respectively [45] . 
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Xenopus blastomeres undergoing cleavage exhibit a distinctive cell division cycle that is characterized by an extended S phase accompanied by very short or absent G1 and G2 phases, and a similar dynamic process was observed in mammalian embryos [46] . Within this context, it is conceivable that undergoing a distinctive cell division cycle such as that which occurs in Xenopus may also be important to zebrafish SCNT embryos. Therefore, the factors that regulate the cell cycle may have important roles in the reprogramming of SCNT embryos. Our data provide molecular evidence suggesting that a number of failures in SCNT embryos may contribute to asynchrony between the cell cycles of the recipient egg and donor nucleus. Synchronization between the cell cycles of the recipient egg and donor nucleus could improve efficiency in cloning. In our study, mycb and tp53 (B94 and CB7, respectively) were identified and were down-regulated in SCNT embryos. In addition, klf 4 and rpp21 (B92 and B112, respectively) were identified and up-regulated in SCNT embryos. In mammals, the helix-loop-helix/leucine zipper transcription factor MYC is associated with a number of cellular functions, including cell growth, differentiation, and proliferation, and Myc has been shown to alter cellular responses to oncogenes in a culture system [47] . MYC has been proposed as a major downstream target for two pathways that support the maintenance of pluripotency. The Krüppel-type zinc finger transcription factor KLF4, like MYC, is a downstream target of activated STAT3 in leukemia inhibitory factor-induced embryonic stem (ES) cells. KLF4 overexpression leads to the inhibition of differentiation in ES cells [48] . KLF4 has been shown to repress TP53 directly [49] , and TP53 protein has been shown to suppress NANOG during ES cell differentiation [50] . Takahashi and Yamanaka [26] found that induced pluripotent stem cells showed levels of TP53 protein that were lower than those in mouse embryonic fibroblasts. Thus, KLF4 may contribute to the activation of NANOG and other ES cellspecific genes through TP53 repression. Alternatively, KLF4 might function as an inhibitor of MYC-induced apoptosis through the repression of TP53 [51] . In contrast, KLF4 activates CDKN1A
CIP1 , thereby suppressing cell proliferation [52] . This antiproliferative function of KLF4 may be inhibited by MYC, which suppresses the expression of CDKN1A CIP1 [53] . Compared with fertilized control embryos, KLF4 was overexpressed in mouse SCNT embryos during the first two cell cycles of development [54] . This suggests that KLF4 may be important for the reprogramming process in vivo. As discussed previously, the balance between MYC and KLF4 may be important for the generation of induced pluripotent stem cells in mammals. Surprisingly, four factors (B92, B94, B112, and CB7) in zebrafish SCNT embryos were differentially expressed in the same manner as those in the reprogrammed mammalian cells in vitro. To date, there is no evidence that these factors perform similar functions in zebrafish, but the differentially expressed genes may be related to the reprogramming process of donor nuclei in the SCNT embryos. Therefore, the balance between mycb and klf 4 may be important for the reprogramming process in zebrafish SCNT embryos. In addition, five recent studies [26, 27, [55] [56] [57] show that transfection of mammalian somatic cells with special factors was sufficient to induce the cells to show stem cell characteristics in vitro. However, there is no evidence (to our knowledge) that these specific factors have a role in the reprogramming of SCNT embryos in vivo. Based on our data from zebrafish SCNT embryos, we provide in vivo evidence that mycb and klf 4 were retrovirally transduced into donor cells. However, the embryos in our study failed to complete the reprogramming process. This implies that, although B92 and B94 (klf 4 and mycb, respectively) were regulated in SCNT embryos, their expression was not sufficient to induce a complete reprogramming process. Traditionally, it was believed that the genome from the donor cell has an exclusive role in the regulation of SCNT embryos. However, recent evidence from crossgenus-cloned fish has shown that the somite development process and somite number of nuclear transplants were consistent with the recipient species (goldfish) rather than the nuclear donor species (common carp) [12] . We speculated that there might be a subset of genes from recipient oocytes that could have a role in reprogramming. To test our hypothesis, we performed a temporal expression analysis of 16 differentially expressed genes, 12 of which could be identified in unfertilized embryos (data not shown). This result provides some molecular evidence that the fish egg cytoplasm not only supports the development driven by transplanted nuclei but also modulates development of the nuclear transplants. Successful cloning in zebrafish [3] , as well as in other species, indicates that the oocytes possess all of the components required for the establishment of a pluripotent phenotype. According to our data, 82.3% (79/96) of the identified genes were down-regulated in SCNT embryos, and this may shed light on the low survival rate of zebrafish clones. With this result in mind, we speculate that coinjection with specific factors may be the most efficient approach for increasing the viability of zebrafish clones.
A New Model of Reprogramming Research Using Zebrafish SCNT Embryos
Identification of the differentially expressed genes between SCNT embryos and ZD embryos is important for the comprehensive study of reprogramming. Although growing numbers of studies [14, 24, 25, 54, 58, 59] have conducted large-scale analyses of gene expression in preimplantation embryos and in cloned mammals in mouse and bovine models, the mechanism and process of reprogramming in SCNT embryos remain largely unknown. The differences in gene expression reported in these studies may be due to not only the stages of development analyzed or the different species used but also the stochastic nature of nuclear reprogramming after nuclear transfer [59] . Large-scale analyses of gene expression in cloned mammals usually analyzed single nuclear transfer embryos and were restricted in ovulation quantity in mammals. Fish are generally fecund and can produce hundreds of eggs on a periodic basis. Zebrafish and medaka especially have a good research base on SCNT [3, 4, 13, 60, 61] , which facilitated our analyzing 3660 zebrafish SCNT embryos and sampling 444 SCNT embryos at the dome stage (Table 3) . These SCNT embryos covered various elements of the stochastic nature of nuclear reprogramming after nuclear transfer. From the perspective of statistical analysis, the findings from a large number of SCNT embryos have good reproducibility. Many key factors of our findings in zebrafish SCNT embryos were found in mice and cattle [24, 25, 54] ; compared with fertilized control embryos, klf4 is overexpressed not only in zebrafish SCNT embryos but also in mouse SCNT embryos [54] . Using zebrafish SCNT embryos as a model would increase our understanding of more comprehensive reprogramming processes. In addition, the analysis of early developmental embryos after nuclear transfer is very important to elucidate the reprogramming processes; the natural fertilization and development in vitro in fish facilitate observation and sampling of the development of SCNT embryos after nuclear transfer. Initial reprogramming research has been reported in medaka, including chromosomal abnormalities after nuclear transfer [60] . Therefore, fish offer special advantages as a model of reprogramming research.
Regarding the development of zebrafish SCNT embryos, two dramatic decreases in the number of surviving embryos occurred in the dome and shield stages: only 10%-15% of the SCNT embryos reached the dome stage, and 1%-3% reached the shield stage, whereas 65%-80% entered the cleavage stage (Table 3 ). Recent observations show a similar decrease at midblastulation to early gastrulation with SCNT embryos from amphibians [62, 63] and cross-species nuclear transfer fish [12, 64] . Obviously, two dramatic decreases point to incomplete reprogramming processes after nuclear transfer. Therefore, we chose embryos at the dome and shield stages for our SSH analysis to reveal the molecular mechanisms underlying reprogramming processes. It is widely accepted that reprogramming can be divided into two major events that occur just after SCNT: 1) the reversal to pluripotency and 2) the establishment of new differentiation programs [8] . In our study, we used the SSH approach to study the differential transcript profiles of zebrafish SCNT embryos relative to those of ZD embryos at the dome stage. Identification of differentially expressed genes between SCNT embryos and ZD embryos (Table 4) provides evidence for a failure to reverse to pluripotency at the dome stage. Based on the available data, we speculate that the two major reprogramming events are associated with the dome stage and the shield stage. Furthermore, abortion before the dome stage is due to failed reversal to pluripotency, and abortion between the dome stage and the shield stage is due to a failure to establish new differentiation programs. Future studies will focus on the analysis of differentially expressed genes at the shield stage (Luo et al., unpublished data). Taken together, our findings provide molecular evidence to explain two dramatic decreases in the number of surviving embryos during the development of SCNT embryos, and our results will enable the use of zebrafish SCNT embryos as a new model of reprogramming research.
Using the SSH approach, the results herein provide a systemic database of gene expression profiles of zebrafish SCNT embryos compared with ZD embryos at the dome stage. Striking differences in gene expression profiles were identified between SCNT embryos and ZD embryos. Our data suggest that the one broadly defined major reprogramming eventreversal to pluripotency-occurred at the dome stage in zebrafish SCNT embryos. Based on GO analyses, the factors related to nuclear remodeling, translation initiation, and regulation of the cell cycle may represent the most important roles in the reprogramming of SCNT embryos. In addition, we propose that klf 4 and mycb, whose homologs in mice provide a powerful combination for more efficient reprogramming of somatic cells, are of significant importance in the reprogramming process in zebrafish SCNT embryos [8] . Although the donor cell genome seems capable of exclusively regulating the process of nuclear reprogramming after SCNT, the importance of regulation from recipient oocytes in cloning experiments should not be underestimated in zebrafish.
Using zebrafish SCNT embryos, we provide initial molecular evidence that abortion of SCNT embryos at the dome stage is due to failed major reprogramming processes after nuclear transfer. In a future article, we will describe the gene expression profiles of SCNT embryos compared with ZD embryos at the shield stage in zebrafish. Collectively, the results of these studies should provide new insights that will enhance our understanding of the reprogramming mechanism after nuclear transfer.
